ABSTRACT. Photoacoustic imaging has emerged as a promising imaging platform with a high tissue penetration depth. However, biodegradable nanoparticles, especially those for photoacoustic imaging, are rare and limited to a few polymeric agents. The development of such nanoparticles holds great promise for clinically translatable diagnostic imaging with high biocompatibility.
Metabolically digestible and inherently photoacoustic imaging probes can be developed from nanoprecipitation of biliverdin, a naturally occurring heme-based pigment. The synthesis of nanoparticles composed of a biliverdin network, cross-linked with a bifunctional amine linker, is achieved where spectral tuning relies on the choice of reaction media. Nanoparticles synthesized in water or water containing sodium chloride exhibit higher absorbance and lower fluorescence compared to nanoparticles synthesized in 2-(N-morpholino) ethane sulfonic acid (MES) buffer.
All nanoparticles display high absorbance at 365 nm and 680 nm. Excitation at near-infrared wavelengths leads to a strong photoacoustic signal, while excitation with ultraviolet wavelengths results in fluorescence emission. In vivo photoacoustic imaging experiments in mice demonstrated that the nanoparticles accumulate in lymph nodes, highlighting their potential utility as photoacoustic agents for sentinel lymph node detection. The biotransformation of these agents was studied using mass spectroscopy and they were found to be completely biodegraded in the presence of biliverdin reductase, a ubiquitous enzyme found in the body. Degradation of these particles was also confirmed in vivo. Thus, the nanoparticles developed here are a promising platform for biocompatible biological imaging due to their inherent photoacoustic and fluorescent properties, as well as their complete metabolic digestion.
KEYWORDS. biliverdin, biodegradation, bioimaging, fluorescent, nanoparticle, nanoprecipitation, photoacoustic Photoacoustic (PA) imaging is a technique that combines optical excitation with ultrasound detection to achieve superior depth of penetration compared to fluorescence imaging. 1 Nanoparticle-based imaging probes have been utilized as an alternative to small-molecule probes due to advantages such as the ability to tune their surface characteristics, increase circulation time, and target tissues of interest. Nanoparticles with photoacoustic properties 2, 3, [12] [13] [14] [15] [4] [5] [6] [7] [8] [9] [10] [11] are a class of contrast agents that hold great potential for multiscale diagnostic applications. [16] [17] [18] [19] [20] [21] However, a majority of these nanoparticles are based on polymeric or metallic designs and therefore may remain in the body for extended time periods. In fact, 30-99% of nanoparticles will accumulate in the liver, 22 and a variety of nanoparticles have been shown to negatively impact liver cells. [23] [24] [25] [26] [27] [28] [29] With the exception of a few classes (e.g. iron oxide), only several examples of nanoparticles have been translated to a clinical setting. [30] [31] [32] [33] [34] [35] One of the key determinants that would improve translational potential of nanoparticles is to improve their biodegradation profile. Specifically, there is a need for the development of photoacoustic nanoparticles that can be degraded in the body after the imaging session has been performed. The goal of the present work is to utilize endogenous molecules for designing inherently photoacoustic nanoparticles that, at the same time, could offer a solution to the issue of biodegradation.
In order to develop biodegradable nanoparticles with inherent photoacoustic imaging capabilities, we proposed the use of biliverdin, a water-soluble, naturally-occurring bile pigment that results from the breakdown of heme. 36 During this process, biliverdin is reduced to waterinsoluble bilirubin through the action of an enzyme, biliverdin reductase. [36] [37] [38] The inherent breakdown pathway of biliverdin led us to hypothesize that nanoparticles composed of biliverdin would be entirely biodegradable in vivo. Biliverdin has two main absorbance bands; one between 350 nm and 400 nm, and the other between 600 nm and 700 nm. 39 The absorbance above 650 nm is important for in vivo applications because interference from the surrounding tissue is minimal between 650-900 nm (i.e., the first biological imaging window). 40 Many photoacoustic nanoparticles obtain their photoacoustic properties through the incorporation of dyes or metals, 6, 7, 10, 15 rather than through selection of intrinsically photoacoustic building blocks. These approaches pose a challenge due to the potential for toxicity of the metals, or premature release of the incorporated dyes. There are very few examples reported in the literature of nanoparticles derived entirely from endogenous species. For instance, a recent report revealed the synthesis of cisplatin-chelated bilirubin nanoparticles for photoacoustic imaging and photothermal therapy. 41 An important distinction is that while biliverdin has strong absorbance in the near-infrared region, bilirubin does not. Thus, in order for bilirubin-based nanoparticles to exhibit their favorable photoacoustic properties, it was necessary for cisplatin, a xenobiotic metalbased anti-cancer drug, to be incorporated. Additionally, the enzymatic degradation of these nanoparticles has not been reported Here we report the synthesis of fully biodegradable nanoparticles that do not require the chelation of metals to exhibit photoacoustic properties suitable for in vivo imaging. Importantly, we expand the utility of these nanoparticles further by leveraging the blue-shifted absorbance for fluorescence imaging. The utility of these nanoparticles for bioimaging was demonstrated through application as a sentinel lymph node imaging probe. Finally, we demonstrate that the nanoparticles can be completely degraded both in vitro and in vivo by biliverdin reductase, an enzyme present throughout the body, and especially in the liver. 37, 42 RESULTS & DISCUSSION.
Synthesis. To develop biliverdin nanoparticles (BVNPs), biliverdin hydrochloride (C33H34N4O6
•HCl) was nano-precipitated using stoichiometric amounts of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 2,2' ethylenedioxy bis(ethylamine) (henceforth referred to as diamine).
The products obtained from this reaction were found to be highly dependent on the nature of the reaction media. We conducted the reactions in water, in 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer, and in 0.15 M aqueous NaCl solution. The resultant BVNPs are designated water-BVNPs, MES-BVNPs, and NaCl-BVNPs, respectively (Scheme 1).
The sizes of the nanoparticles were determined using transmission electron microscopy (TEM). We found that the addition of EDC, N-hydroxysuccinimide (NHS), and diamine to biliverdin dissolved in water led to the formation of small nanoparticles with an average diameter of 2.3 nm at 10 min, and larger nanoparticles with an average diameter of 105 nm when the components were allowed to react for 24 h ( Figure 1A ). Water-BVNPs and NaCl-BVNPs showed an immediate color change upon addition of the diamine, while the color of the MES-BVNPs remained unchanged. The absorbance peaks of the BVNPs was markedly different with respect to free biliverdin, indicating successful particle self-assembly ( Figure 1B ). The synthesis that was conducted in the NaCl solution exhibited similar absorbance characteristics to that of water-BVNPs ( Figure 1B ) and resulted in spherical nanoparticles with an average diameter of 14.2 nm after 24 h ( Figure 1A) . In contrast, when the synthesis was performed in MES buffer, nanoparticles with diameters of 26.5 nm and 43.8 nm were observed at the 10-min and 24-h time points, respectively ( Figure 1A ). These particles did not show a significant change in size when the reaction time was extended, indicating that the reaction in MES was controlled and had formed stable particles. Scheme 1. (A) BVNP synthesis schematic. The synthesis solvent determines BVNP composition and spectral properties. The use of water, MES, and NaCl results in water-BVNPs (iii), MES-BVNPs (i), and NaCl-BVNPs (ii), respectively. Dialysis of MES-BVNPs with water (iv) results in water-BVNPs. Nanoparticles degrade in the presence of biliverdin reductase (v). (B) MES-BVNPs have a red-shifted fluorescence compared to the Water-BVNPs and NaCl-BVNPs. All compositions exhibit high absorbance at 365 nm and 680 nm, resulting in fluorescent and photoacoustic properties respectively. Photophysical Characterization. The photophysical properties of the nanoparticles were characterized using a full suite of techniques including UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FT-IR), mass spectrometry, zeta potential measurements, fluorescence spectroscopy, fluorescence imaging, and photoacoustic tomography. The MES-BVNPs showed a broadening of the UV-Vis peak at 650 nm, as well as a decrease in overall absorbance at all wavelengths compared to water-BVNPs and NaCl-BVNPs ( Figure 1B ).
FT-IR spectroscopy ( Figure 1C , Figure S1 ) revealed that the crosslinker had peaks at 1585 cm -1 (peak 1, N-H bend), 1305 cm -1 (peak 2, C-N stretch), and 1130 cm -1 (peak 3, C-N stretch).
Unincorporated biliverdin had C-N stretches at 1330 cm -1 (peak 6), 1305 cm -1 (peak 2), 1280 cm -1 (peak 7), 1260 cm -1 (peak 8), and 1120 cm -1 (peak 9). The formation of amide bonds as a result of EDC-NHS crosslinking was confirmed by the appearance of peaks at 1678 and 1653 cm -1 (peaks 10 and 11) for the BVNPs. MES-BVNPs exhibited a unique set of peaks in the range of 800 cm -1 -1500 cm -1 compared to the water-BVNPs and the NaCl-BVNPs. The sharp peak near 1030 cm -1 (peak 12) can be attributed to the S=O in MES, 43 while the peak near 910 cm -1 (peak 13) can be attributed to the S-OH bond in MES, indicating that it is plausible that MES molecules were entrapped within the nanoparticle. 24 h MES-BVNPs dialyzed with MES retained the peaks at 1030 cm -1 and 910 cm -1 , while 24 h MES-BVNPs dialyzed with water no longer had these peaks, indicating that dialysis with water led to the removal of MES from the particles (Figure S1 B). All three nanoparticle types were found to have negative zeta potentials, with no statistically significant difference in zeta potential between the 10-min and 24-h time points for any of the types ( Figure 1D ). The reduction in zeta potential magnitude of 24-h MES-BVNPs compared to 24-h water-BVNPs further suggests a relationship between the reaction media and nanoprecipitation.
When the 10-min and 24-h samples were excited at 365 nm, all three nanoparticle types were fluorescent ( Figure 2A ). However, the MES-BVNPs showed the highest fluorescence, with a maximum intensity over ten-fold greater than that of the water-BVNPs and NaCl-BVNPs. This finding prompted us to determine the possible influence of MES. We dialyzed 10-min MES-BVNPs and water-BVNPs with water using dialysis cassettes with a size cutoff of 10 kDa. We hypothesized that if MES was influencing the photophysical properties, a greater change in MES- BVNP fluorescence would be observed compared to that of the water-BVNPs, which served as a control. Indeed, we found a larger fluorescence intensity fold change for the MES-BVNPs after dialysis with water. This suggested to us that the entrapped MES molecules were inducing a change in the fluorescence properties. Upon dialysis with water, the MES molecules were unloaded, resulting in a decreased fluorescence. Another interesting property is that the emission wavelength changed as a function of reaction time for the MES-BVNPs but not the Water-BVNPs and NaCl-BVNPs. In particular, the MES-BVNPs emission changed from blue (10-min) to yellow-green (24-h) . The difference in fluorescence emission based on synthesis solvent was also observed under a 365 nm UV lamp for 24-h samples (Figure 2A ). When observed under the UV lamp, MES alone did not exhibit any fluorescence ( Figure S2 ). This finding suggests that it is possible to fine tune spectral properties of biliverdin nanoparticles through careful selection of the reaction media and synthesis time.
When excited at 680 nm, none of the three nanoparticle types exhibited fluorescence. A Spectrum In vivo Imaging System (IVIS) was used to perform further fluorescence imaging experiments ( Figure 2B , Figure S2 ). The MES-BVNPs showed greater radiant efficiency than the other nanoparticle types and exhibited some fluorescence in the near-IR region for excitation wavelengths of 430 nm, 465 nm, and 500 nm. In all cases, the BVNPs showed no fluorescence at an excitation wavelength of 675 nm.
We conducted further experiments with multiple time-points between 10 min and 24 h to investigate MES-BVNP fluorescence change with synthesis time. For 365 nm excitation ( Figure   2C ), fluorescence intensity dropped between 10 min and 5 h. At 5 h the appearance of a second red-shifted peak is observed. By 10 h, the 2nd peak becomes more prominent than the first peak.
The intensity then increases with time until 24 h, at which point it is the same intensity as that of the 10 min particles. The results suggest that the MES-BVNP synthesis takes place in two distinct steps. Over the first 10 min, nanoparticles are formed. Over time, the fluorescence of these nanoparticles is quenched and then slowly red-shifts until it regains its fluorescence intensity. For 465 nm excitation ( Figure 2D ), fluorescence intensity increased with synthesis time. These behaviors are likely due to pi-pi stacking of the biliverdin molecules and their aggregation under the influence of MES, although further elucidation of this mechanism is beyond the scope of this work.
The high absorbance and lack of fluorescence upon excitation at 680 nm was exploited for photoacoustic imaging. Tissue phantoms for photoacoustic imaging were prepared as previously reported 44 , and the protocol is briefly described in the Methods section. Images of tissue phantoms and example ROIs are provided in Figure S3 . Photoacoustic images of dialyzed BVNPs in a tissue phantom were acquired, and compared to the reference dye indocyanine green (ICG) dissolved in water at the same final mass concentration ( Figure 2E ). ROI analysis in ImageJ was used to quantify the average photoacoustic intensity of each sample ( Figure 2F ). MES-BVNPs were found to have a comparable photoacoustic intensity to ICG at the same concentration for excitation wavelengths of 680 nm, 720 nm, 750 nm, and 800 nm. These results suggest that BVNP imaging performance is comparable to that of ICG, and BVNPs may be used as a nanoparticle-based alternative to ICG, which has been known to elicit adverse events such as allergic reactions 45, 46 .
The use of a biliverdin-based nanoparticle may reduce the occurrence of such reactions as biliverdin should not be recognized by the immune system as a foreign antigen. Statistical comparisons of photoacoustic intensity between the different types of BVNPs were not conducted as the final concentration of biliverdin in each type of particle will have a direct impact on the PA signal intensity. Additionally, our findings agree with previous reports that PA intensity is not necessarily directly correlated with absorption and fluorescence spectra. 47 The mechanisms behind this behavior are not well-understood, but nonradiative deactivation, triplet state contribution, and photobleaching are believed to contribute to this behavior. [47] [48] [49] Further tissue phantom imaging experiments were conducted to determine the effects of synthesis time on photoacoustic signal intensity ( Figure S4) . These experiments demonstrated that water-BVNP and NaCl-BVNP photoacoustic intensity increased with synthesis time, while MES-BVNP photoacoustic intensity did not significantly change with synthesis time.
Hydrodynamic Size and Particle Concentration. Nanoparticle hydrodynamic size, particle concentration, and size distributions were determined using a Malvern Panalytical NanoSight NS300, which records videos of nanoparticles under flow. 10 1-minute videos were recorded for dialyzed 24 h water-BVNPs, MES-BVNPs, and NaCl-BVNPs. All BVNP types were found to have a high concentration of particles at or below 100 nm in size ( Figure 3A ) with some peaks at higher sizes, which potentially results from the formation of aggregates composed of multiple nanoparticles. D10, D50, and D90 values indicate that on average 10% of particles in each particle population (water-BVNPs, MES-BVNPs, and NaCl-BVNPs) are below 70 nm in size, 50% are below 100 nm in size, and 90% are below 200 nm in size ( Figure 3B ). The average hydrodynamic size of all three nanoparticle types was approximately 100 nm ( Figure 3C ), with no significant difference in size between the particle types. This is in contrast to the different nanoparticle anhydrous sizes as determined by TEM imaging, suggesting a relationship between the dialysis solvent and the hydration layer around the nanoparticles. NaCl-BVNPs have the smallest anhydrous nanoparticle size, while Water-BVNPs have the largest anhydrous nanoparticle size, indicating that water may lead to the formation of a smaller hydration layer around the nanoparticles compared to MES buffer or NaCl solution. The mode nanoparticle size detected across 10 videos for each nanoparticle type was found to typically fall between 50 and 100 nm for Water-BVNPs and NaCl-BVNPs ( Figure 3D ). The concentration of nanoparticles per mL of final dialyzed particle solution was also determined ( Figure 3E) , with water-BVNPs having an average final concentration of 4.41 x 10 10 particles per mL, MES-BVNPs having an average final concentration of 3.20 x 10 9 particles per mL, and NaCl-BVNPs having an average final concentration of 9.37 x 10 8 particles per mL. Since the final amount of biliverdin in each particle was determined as described in the previous section, this information was combined with the nanoparticle concentration to determine the number of biliverdin molecules in each particle. A detailed explanation of the calculations is provided in the Methods section. We determined that Water-BVNPs had an average of 1.196 x 10 7 biliverdin molecules per particle, MES-BVNPs had an average of 3.002 x 10 8 biliverdin molecules per particle, and NaCl-BVNPs had an average of 3.420 x 10 8 biliverdin molecules per particle. This suggests that the EDC-NHS reaction kinetics may differ based on the synthesis solvent, which leads to the formation of greater or fewer particles with greater or fewer biliverdin molecules incorporated in each particle.
Biocompatibility.
Blood MTT experiments were separately conducted on MCF-7 cells, a metastatic breast cancer cell line, and MDA-MB-231 cells, a triple-negative metastatic breast cancer cell line. We chose these cells because breast cancer is a type of cancer that metastasizes to lymph nodes. We reasoned that in sentinel lymph node biopsies, the nanoparticles would first be injected at the tumor site, after which they would drain into the surrounding lymph nodes. MTT experiments were conducted with nanoparticle concentrations of 5 % and 10 % by volume for 10 min and 24 h water-BVNPs, MES-BVNPs, and NaCl-BVNPs. Particle-treated cells typically had comparable or greater viability than untreated control cells (Figure S5 B, Figure S5 C). The increase in viability compared to control cells may indicate increased metabolic activity of cells exposed to the BVNPs, rather than an increase in cell proliferation. min post-injection, using 680 nm, 720 nm, and 750 nm excitation. In vivo photoacoustic imaging at 680 nm (Figure 4 ), 720 nm ( Figure S6 ), and 750 nm ( Figure S7 ) showed a marked increase in the signal as a result of nanoparticle injection. Importantly, all three nanoparticle types showed passive accumulation in the lymph nodes. 16, [50] [51] [52] This was confirmed using ex vivo tissue analysis (vide infra). The PA signal intensity was also found to vary with time, indicating a time-dependent nanoparticle uptake within, and clearance from, the lymphatic system.
In vivo
Following euthanization, the major organs were collected from the animals and photoacoustic imaging was performed to visualize the heart, lung, liver, kidneys, spleen, and lymph nodes. Our analysis indicated some nanoparticle accumulation in the liver and spleen. There was also some accumulation in the lymph nodes, but consistent with our in vivo experiments, the particles appeared to have mostly cleared from the lymphatic system 30 minutes post-injection ( Figure 5A ). These findings were further corroborated using fluorescence imaging of the various organs ( Figure 5B ). The organs dissected from nanoparticle-treated animals exhibited higher signal overall compared to the control water-treated animal, indicating the distribution of BVNPs that the particles may have taken greater than 30 minutes to clear from the lymphatic system in some of the mice. Since the animals were sacrificed 30 min post-injection, these particles may not have fully cleared from the lymphatic system by then, and this in turn led to a high error bar in the fluorescence signal quantification. The ability of these nanoparticles to be detected with fluorescence imaging using an excitation wavelength of 675 nm can be attributed to an aggregation-induced effect, which has been observed in other fluorescent molecules and particles. 53, 54 In Vitro Biodegradation. As mentioned previously, one of the major barriers that must be overcome when using nanoparticles for diagnostic imaging is the issue of liver accumulation. We reasoned that the nanoparticles we have prepared can by biodegraded by biliverdin reductase, which is found in many organs 37, 42 but has the highest expression in the liver. When degradation experiments were conducted using biliverdin reductase, we were able to establish the biodegradation profile of these nanoparticles. Degradation experiments were carried out on water-BVNPs and NaCl-BVNPs over a period of seven days, with biotransformation being tracked by UV-Vis spectroscopy and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. The magnitude of UV-Vis absorbance at 670 nm was used as an indicator for degradation as reported previously. 39 When exposed to biliverdin reductase and its cofactor, nicotinamide adenine dinucleotide hydride (NADH), the absorbance at 670 nm decreased steadily as a function of time ( Figure 6A , Figure S8 ). After seven days of degradation of the 10-min and 24-h water-BVNPs, their absorbances had decreased to 8% and 17% of their initial absorbances respectively. Similarly, the NaCl-BVNP 10-min and 24-h absorbances fell to 9% and 13% of their initial values respectively. A visible color change from a blue-green color for the BVNPs to a yellow color for all degraded nanoparticles was also observed ( Figure 6B ).
MALDI/TOF spectrometry of water-BVNPs showed peaks at a mass to charge (m/z) value of 583 for the 10-min and 24-h nanoparticles, corresponding to the presence of biliverdin ( Figure   6C ). These peaks were no longer present after five days of nanoparticle degradation, further Degradation experiments carried out on MES-BVNPs in the presence of biliverdin reductase and nicotinamide adenine dinucleotide phosphate (NADPH) ( Figure 7A ) showed that the MES-BVNPs degrade at a slower rate than that of water-BVNPs and NaCl-BVNPs ( Figure   7B mechanism for MES-BVNPs was confirmed to be the same as that of water-BVNPs and NaCl-BVNPs via mass spectrometry ( Figure 7C, Figures S14-S16 ). Calculations for all spectra are provided in the supplementary information. These results are especially promising because biliverdin reductase occurs naturally in the liver and other organs, pointing towards facile biometabolism of BVNPs. Figure 8A ), 720 nm (Figure S17 A), and 750 nm (Figure S17 B ). The differences in PA intensity across multiple wavelengths for each particle type can be explained by the nonlinear relationship between absorbance and PA intensity. ROI analysis was conducted in ImageJ to quantify the signal increase after nanoparticle injection, and decrease as a result of degradation ( Figure 8B) . PA signal increased by at least threefold upon injection of BVNPs, and then returned to values close to the initial value within 24 h, indicating that the BVNPs had almost completely degraded within 24 h. This was also apparent visually, as the flanks injected with water-BVNPs and NaCl-BVNPs exhibited a visible green color after administration, and this green color was no longer apparent 24 h post-injection. MES-BVNPs did not appear as widely distributed immediately after injection as the water-BVNPs and NaCl-BVNPs did, which is likely a result of the properties of the MES solvent. Despite the initially high accumulation of MES-BVNPs at the injection site, the MES-BVNPs also show a favorable in vivo degradation profile.
In Vivo
We further sought to explore the degradation behavior of these nanoparticles during the first 24 h after injection. Degradation experiments were repeated with multiple time-points (2 min, 1 h, 6 h, 12 h, 24 h) from initial injection through 24 h after injection. Images were collected at 680 nm ( Figure 9A ), 720 nm (Figure S16 A) , and 750 nm (Figure S18 B) . The BVNP signals were found to steadily decrease with time based on ROI analysis ( Figure 9B ). Taking the initial signal 
CONCLUSIONS.
Overall, we show that nanoprecipitation of endogenous molecules can lead to spectral tuning based on the choice of reaction media. Due to the inherent water solubility of biliverdin, a simple synthetic process has been developed to synthesize a nano-platform that is fully biodegradable. Water-BVNPs and NaCl-BVNPs displayed high absorbance and low fluorescence in the UV region, while MES-BVNPs had low absorbance and high fluorescence in the UV region, in addition to a fluorescence red-shifting as a function of synthesis time. MES-BVNPs were found to have a higher fluorescence intensity and radiant efficiency than other nanoparticle types, and
were also found to have comparable photoacoustic intensity to ICG. Water-BVNP and NaCl-BVNP PA intensity increased with synthesis time, while MES-BVNP PA intensity was unaffected.
Biocompatibility of BVNPs was demonstrated through blood smear experiments in addition to
MTT assays in MCF-7 and MDA-MB-231 cells.
Injection of BVNPs was found to lead to an increased photoacoustic signal in vivo in mice, with some non-specific accumulation in the lymph nodes as expected based on the use of hock injections. The nanoparticles were also found to be biodegradable, degrading in the presence of biliverdin reductase and NADH or NADPH. The complete biodegradation of BVNPs was also demonstrated in vivo. BVNPs provide a promising platform for biological imaging due to their inherent photoacoustic and fluorescent properties, as well as their biodegradability. The safety and efficacy of nanomedicines is typically influenced by multiple parameters to create a major bottleneck for translating these agents. The complexity of nanomedicine presented by the multicomponent three dimensional constructs demands vigilant design and engineering to achieve the intended physicochemical characteristics and biological behaviors. Designing a system that 'disappears' completely from the biological system could offer a potential strategy to accelerate the translation of these agents and accelerate the growth of this critical field.
METHODS.
Materials. Biliverdin hydrochloride was purchased from Sigma-Aldrich and Frontier Scientific. MirrIR Corner Frosted FT-IR slides and allowing sit overnight, after which they were placed under vacuum until they had completely dried. FT-IR measurements were taken using a Thermo Nicolet Nexus 670 FT-IR.
Hydrodynamic Size, particle concentration, and calculations. Nanoparticle hydrodynamic size, size distribution, and concentration were measured using a Malvern Panalytical NanoSight NS300.
Dialyzed nanoparticles were utilized for these experiments. 10 1-minute videos were recorded for each nanoparticle type, with average hydrodynamic size, mode hydrodynamic size, size distributions, and concentrations calculated for each nanoparticle type. 10 µL of Water-BVNPs and MES-BVNPs were diluted in 990 µL of their respective synthesis solvents for these measurements. For NaCl-BVNPs, 100 µL of the particles were diluted in 900 µL NaCl solution.
These dilution factors were taken into consideration for calculation of the final concentrations.
Taking into consideration the remaining mass of biliverdin in each type of particle (as determined by UV-Vis spectroscopy), the average mass of each nanoparticle type and the average number of biliverdin molecules were then calculated using the following equations: 
Photoacoustic Imaging. Photoacoustic imaging was conducted using an Endra Nexus 128
photoacoustic tomographer with excitation wavelengths of 680 nm, 720 nm, 750 nm, and 800 nm (continuous rotation mode, 6 second rotation time).
Tissue-mimicking Phantom Preparation. Agarose (2 g) was dissolved in a solution containing deionized water (39 mL) and 2% milk (1 mL). The solution was heated in a microwave oven for 30 seconds, removed and stirred, and then heated for an additional 15 sections to produce a viscous gel. The mixture was then poured into a custom Teflon mold designed with the same specifications as the Endra Nexus 128 PA tomographer bowl ( Figure S3 ). For in vitro phantom studies, hypodermic steel tubing was inserted into the Teflon mold as a placeholder for fluorinated ethylene propylene tubing used to contain the samples. Lymph Node Imaging. A total of three groups of nude mice were used for in vivo demonstration of photoacoustic imaging, and one animal was used as the control. Animals in group one were treated with Water-BVNPs (n=3), animals in group two were treated with MES-BVNPs (n=3), and animals in group three were treated with NaCl-BVNPs (n=3). All nanoparticles were used postdialysis of the 24-h timepoint. The mice were injected via a hock injection with 50 µL of the respective BVNP type in their rear leg. The control mouse was injected with water alone.
Photoacoustic images were taken prior to injection, and 5 min, 10 min, 15 min, and 30 min postinjection. Images were acquired for wavelengths of 680 nm, 720 nm, and 750 nm. Mice were sacrificed after image acquisition at 30 minutes, and their organs were subsequently dissected.
Photoacoustic images were taken of the dissected organs (heart, lungs, liver, spleen, lymph nodes, and kidneys). Fluorescence imaging of these organs was also conducted with an excitation wavelength of 675 nm.
In Vivo Degradation. Three mice were used for in vivo demonstration of biodegradation, one for each BVNP type. All nanoparticles were used post-dialysis of the 24-h timepoint. 50 L of nanoparticle solution was injected subcutaneously in the flank of each mouse. Images were taken prior to injection, 5 min, 24 h, and 96 h after injection. In further experiments, images were taken 2 min, 1 h, 6 h, 12 h, and 24 h after injection. ROI analysis was conducted in ImageJ.
Water-BVNP and NaCl-BVNP Degradation Experiments. Degradation experiments were conducted on 1 mL each of 10-min and 24-h as-prepared water-BVNPs and NaCl-BVNPs. The nanoparticles were placed in 4 mL glass vials on a stirplate at 500 rpm with a temperature of 40 ˚C. 40 mg of NADH was then added to each vial, and allowed to dissolve for 10 min. 2 µL of the Biliverdin Reductase were then added to each vial, beginning the degradation experiment. 12 μL samples were taken from each vial every 24 h. Of these 12 μL, 10 µL was diluted with 990 μL of water in one UV-Vis cuvette, and the remaining 2 µL was diluted with 998 μL of water in another UV-Vis cuvette. UV-Vis measurements were taken in the range of 300 to 900 nm for the 2:998 μL dilution, and in the range of 550 to 900 nm for the 10:990 dilution. These ranges and dilutions were chosen because the NADH itself caused an increase in absorbance at 340 nm, which led to an absorbance of greater than one for the regular 10:990 dilution when the spectra were collected in the range of 300 to 900 nm. After UV-Vis measurements were taken, 50 μL of each 10:990 dilution were collected for mass spectrometry. The degradation experiment was conducted for a total of 7 days, with mass spectrometry being conducted for the first and fifth days.
MES-BVNP Degradation Experiments. Degradation experiments were conducted on MES-
BVNPs as was conducted for water-BVNPs and NaCl-BVNPs. However, 47 mg NADPH was utilized in place of NADH for each mL of MES-BVNPs to be degraded. 50 μL samples were collected for UV-Vis analysis every 24 h for the first 9 days, and then at 13 and 17 days. UV-Vis spectra were collected between 550 and 900 nm, with a dilution of 50 μL nanoparticles to 950 μL MES buffer. This concentration was selected due to the lower absorbance of MES-BVNPs in this region compared to the water-BVNPs and NaCl-BVNPs. 30-50 μL samples were collected for mass spectrometry prior to degradation and after 13 days of degradation.
Statistical Analysis. All statistical tests were conducted using Student's T-tests assuming unequal variances.
ASSOCIATED CONTENT Supporting Information.
The following supporting information files are available online free of charge.
Supplementary information and figures (PDF), including UV-Vis plots from the degradation study, 10 min and 24 h BVNP PA imaging in tissue phantoms, in-vivo PA lymph node and degradation imaging at 720 and 750 nm, in-vitro biocompatibility studies, and further mass spectrometry plots and calculations.
AUTHOR INFORMATION
Corresponding Author * Dipanjan Pan: dipanjan@illinois.edu.
* Jefferson Chan: jeffchan@illinois.edu.
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript. 
